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High-Speed  Stark  Wavelength  Tuning  of  MidIR 

Interband  Cascade  Lasers 

Sergey  Suchalkin,  Mikhail  V.  Kisin,  Serge  Luryi,  Gregory  Belenky,  Fred  J.  Towner,  John  D.  Bruno,  and 

Richard  L.  Tober 


Abstract — Stark  modulation  of  the  wavelength  of  a  midinfrared 
tunable  interband  cascade  laser  was  studied.  Wavelength  modula¬ 
tion  at  frequencies  exceeding  1  GHz  was  demonstrated.  Estimates 
of  capacitances  inherent  to  the  laser’s  structure  suggested  that  im¬ 
proved  packaging  techniques  could  lead  to  modulation  frequencies 
approaching  6  GHz. 

Index  Terms — Cascade  lasers,  midinfrared  (midIR)  lasers,  semi¬ 
conductor  lasers,  tunable  lasers. 


TUNABLE  semiconductor  lasers  can  be  used  in  a  wide  va¬ 
riety  of  applications  ranging  from  remote  sensing  and  en¬ 
vironmental  monitoring  to  free  space  communications.  The  ex¬ 
tent  of  their  utility  depends  on  how  rapidly  they  can  be  mod¬ 
ulated.  Recent  development  of  ultrafast  infrared  quantum-well 
photodetectors  and  optical  heterodyning  technique  made  pos¬ 
sible  to  extent  the  detection  bandwidth  to  40  GHz  [  1 ,  and  the 
references  therein].  Lasers  that  rely  on  temperature  tuning  de¬ 
pend  on  the  heat  exchanged  between  the  laser  and  surrounding 
media  and,  to  a  large  extent,  by  the  thermal  capacitance  of  the 
laser  which  is  proportional  to  the  size  of  the  device.  Despite  the 
relatively  slow  thermal  processes  involved,  small  single-mode 
InP-based  tunable  vertical-cavity  surface-emitting  lasers  have 
been  demonstrated  at  frequencies  as  high  as  ~5  MHz  [2].  How¬ 
ever,  applications  such  as  fast  process  control  or  optical  FM 
communication  [3]  require  much  faster  tuning  methods. 

Interband  cascade  lasers  (ICLs)  [4]  are  the  devices  operating 
in  the  midinfrared  (midIR)  spectral  range  (3-5  /tm),  whose 
design  combines  interband  optical  transition  and  cascaded  in¬ 
jection.  The  large  Stark  wavelength  shift  recently  demonstrated 
in  ICLs  [5]  results  from  inherently  fast  processes  and  thus 
shows  promise  for  applications  requiring  gigahertz  modulation 
frequencies.  The  goals  of  this  letter  are  to  demonstrate  ultrafast 
Stark  tuning  of  an  ICL’s  wavelength  and  to  discuss  factors  that 
limit  its  modulation  bandwidth. 

The  molecular  beam  epitaxy-grown  tunable  ICL  used  in  these 
experiments  has  14  periods,  each  having  a  digitally  graded 
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Fig.  1.  Band  diagram  of  a  single  period  of  the  tunable  ICL  structure  under 
external  electric  field  70  kV/cm.  Lower  (E0)  and  upper  (El)  lasing  states  are 
located  in  the  optically  active  type-II  DQW  structure  (DQW-II).  Electron  injec¬ 
tion  through  the  manifold  Ml  of  the  injector  states  is  accompanied  by  electron 
accumulation  in  the  injector  quantum  well  (E3)  adjacent  to  the  accumulation 
barrier. 

InAs-AlSb  injector  region  and  I n  A s-Gao  s I n o . 2 5 b-GaS b 
type-II  double  quantum-well  (DQW)  heterostructure  separated 
from  the  injector  by  a  4-nm  AlSb  accumulation  barrier.  (A 
detailed  description  of  the  laser  structure  can  be  found  in  [5].) 
The  laser  device  was  processed  into  a  35  //,m  x  0.5  mm  and 
8  /mi  x  0.5  mm  ridge  waveguide  and  indium  soldered,  epi-up, 
onto  a  Au-coated  copper  mount.  The  mounts  were  then  attached 
to  the  cold  finger  of  a  liquid  nitrogen  cryostat  for  experiments 
performed  at  80  K  and  to  the  cold  finger  of  a  closed  cycle 
cooler  for  experiments  performed  at  60  K. 

The  band  structure  and  eigenstate  probability  distributions 
in  an  external  electric  field  of  70  kV/cm  are  shown  in  Fig.  1. 
They  were  calculated  using  an  eight-band  k  •  p  model  including 
strain-related  effects.  The  mini-band  labeled  with  Ml  illustrates 
how  the  lower  levels  in  the  quantum  wells  composing  the  in¬ 
jector  region  align  to  insure  that  electrons  transport  into  the  ac¬ 
cumulation  energy  state  £3  and  then  tunnel  through  the  accu¬ 
mulation  barrier  into  the  upper  lasing  level  E\  of  the  type-II  ac¬ 
tive  DQW.  The  electrons  eventually  relax  into  the  lower  lasing 
level  Eo  with  the  emission  of  a  photon.  The  upper  manifold, 
M2,  has  a  series  of  misaligned  states  localized  in  each  of  the  in¬ 
jector  region  quantum  wells  which  align  at  higher  electric  fields 
(~1 10  kV/cm). 

The  barrier  separating  the  injector  from  the  type-II  DQW  was 
designed  so  that  electrons  would  accumulate  at  the  edge  of  the 
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Fig.  2.  Lasing  spectra  of  the  tunable  ICL  at  different  bias  currents. 


injection  region  at  E-\  before  tunneling  into  E\ .  Holes  must  si¬ 
multaneously  accumulate  in  the  lower  (hole)  lasing  level  Eq  in 
the  type-11  DQW  in  order  to  maintain  overall  charge  neutrality. 
This  creates  a  charge  separation  and  a  corresponding  electric 
field  (perpendicular  to  the  epi-layers)  that  increases  with  the  in¬ 
jection  current.  Thus,  the  energy  separation  between  E\  and  Eq 
(and  hence  the  emission  wavelength)  undergoes  a  linear  Stark 
shift  that  depends  on  the  bias  current  which  controls  the  electric 
field  in  the  optically  active  region.  That  is,  the  charge  carrier  ac¬ 
cumulation  outside  of  the  optically  active  layers  affects  the  laser 
wavelength  even  above  the  laser  threshold  [5]. 

As  the  bias  current  increases,  the  modal  gain  spectrum  of  the 
laser  shifts  continuously  to  the  high  energy  side  due  to  the  Stark 
effect.  The  emission  spectrum  shifts  toward  shorter  wavelengths 
as  well  but  it  discontinuously  hops  between  longitudinal  modes 
(i.e.,  separated  by  ~3  cm-1  or  0.4  meV  as  expected  from  the 
cavity  length)  that  occur  under  the  envelope  of  the  modal  gain 
spectrum.  In  addition  to  the  longitudinal  mode  hopping,  consec¬ 
utive  switching  between  separate  mode  groups  is  observed  at  in¬ 
creasing  bias  current  (Fig.  2).  The  laser  lines  shown  in  Fig.  2  are 
measured  at  a  35-mm  mesa  device.  The  peaks  are  longitudinal 
mode  groups;  the  fine  structure  of  the  spectra  is  not  shown  in 
the  figure.  The  effect  of  mode  grouping  is  attributed  to  the  for¬ 
mation  of  substrate  “leaky”  modes  [5].  Leaky  modes  are  formed 
as  a  result  of  penetration  of  the  optical  field  through  the  lower 
cladding  layer  and  interference  in  the  substrate.  The  shift  in¬ 
crement  due  to  the  leaky  modes  (~32  cm-1  or  4  meV)  is  deter¬ 
mined  by  the  effective  modal  indices,  geometrical  parameters  of 
the  laser  cavity,  and  the  substrate  thickness.  The  effect  of  mode 
grouping  will  be  used  here  to  demonstrate  the  high  speed  of  the 
observed  Stark  tuning. 

To  obtain  experimental  information  about  the  tuning  speed 
of  the  device,  we  applied  combined  a  dc  and  ac  bias  to  8-//m 
mesa  device.  The  ac  component  was  a  harmonic  bias  modu¬ 
lation  within  the  frequency  range  10-2000  MHz.  The  dc  bias 
current  was  3 1  mA;  the  ac  modulation  amplitude  was  ~25  mA. 
Both  components  were  decoupled  from  each  other  with  a 
high  bandwidth  (4.2  GHz)  bias-tee.  The  spectrum  of  the  laser 
was  analyzed  with  a  Fourier  transform  infrared  spectrometer 
equipped  with  an  InSb  photovoltaic  detector.  Since  the  response 
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Fig.  3.  Lasing  spectra  of  the  tunable  ICL  at  different  bias  modulation  frequen¬ 
cies. 


time  of  the  detector  r  exceeded  10“ '  s,  only  time-averaged 
spectra  were  measured.  The  differential  resistance  of  the  laser 
with  the  mesa  size  8  X  500  //m  at  the  given  dc  bias  was  6.9  Q.  A 
high-frequency  47-0  resistor  was  connected  in  series  with  the 
laser  to  improve  the  cable  impedance  matching.  For  the  31-mA 
bias,  the  laser  spectrum  (Fig.  3)  consists  of  a  single  group  of 
longitudinal  modes  (further  referred  to  as  Line  1).  As  the  bias 
current  increases  to  ~40  mA,  another  mode  group  (Line  2) 
corresponding  to  the  next  “leaky  mode  maximum”  appears  due 
to  the  Stark  shift  of  the  gain  spectrum.  The  presence  of  Line  2 
in  the  time-averaged  spectrum  means  that  the  tuning  response 
time  is  shorter  than  the  laser  modulation  period.  At  modulation 
frequencies  above  1.6-GHz,  Line  2  starts  to  disappear,  and  at 
higher  frequencies  and  the  laser  spectrum  shape  returns  to  that 
without  modulation.  The  relative  amplitude  of  the  second  line 
as  a  function  of  bias  modulation  frequency  (Fig.  4)  allows  for 
a  rough  estimation  of  the  wavelength  modulation  bandwidth. 
The  sharp  decrease  of  the  intensity  of  Line  2  takes  place  at 
~1.6  GHz.  The  disappearance  of  Line  2  means  that  the  peak 
bias  current  has  decreased  from  56  to  ~40  mA  so  that  the 
modulation  amplitude  decreased  ~ 2.5  times. 

One  of  the  factors  limiting  the  wavelength  tuning  bandwidth 
is  the  RC  time  of  the  device  determined  by  the  differential  re¬ 
sistance  and  capacitance,  R  and  C.  The  total  capacitance  of  the 
device  C  is  the  sum  of  the  laser  structure  capacitance  Cl  and 
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the  capacitance  of  the  laser  package  Cp.  To  estimate  the  dif¬ 
ferential  capacitance  of  the  tunable  laser  above  threshold,  we 
calculate  it  as  14  plane  capacitors  connected  in  series.  Each  ca¬ 
pacitor  represents  a  type-II  quantum  well  sandwiched  between 
electron  and  hole  accumulation  quantum  wells.  Taking  e  ~  12 
and  the  distance  between  the  “plates”  to  be  rsj  80  A,  we  ob¬ 
tain  Cp  ~  4  pF.  We  neglected  the  capacitance  of  the  injec¬ 
tors  and  claddings  assuming  that  above  threshold  the  additional 
charge  accumulates  mostly  in  the  electron  and  hole  accumula¬ 
tion  wells,  QW3  and  QW1.  The  differential  resistance  of  the 
laser  is  ~7  17,  so  the  wavelength  modulation  bandwidth  of  the 
ideal  device  can  be  estimated  as  Av  ~  1/2'kRCl  ~  6  GHz. 
For  a  real  device,  the  bandwidth  is  reduced  by  the  parasitic  ca¬ 
pacitance  of  the  package  Cp.  The  main  contribution  to  Cp  is 
provided  by  two  bonding  pads  and  the  substrate  separated  by 
0.3  /im  of  silicon  nitride.  Taking  e  ~5  for  silicon  nitride  [7], 
we  obtain  Cp  ~  15  pF  for  two  100  X  500  /tm  bonding  pads. 
This  reduces  the  device  modulation  bandwidth  to  ~1.2  GHz, 
which  is  close  to  the  frequency  at  which  the  wavelength  tuning 
collapses.  It  should  be  noted  that  the  concentration  pinning  be¬ 
comes  “softer”  as  the  frequency  approaches  the  relaxation  reso¬ 
nance.  For  such  frequencies,  the  modulation  of  the  electric  held 
in  the  active  area  can  be  obtained  even  without  an  accumulation 
barrier.  A  typical  relaxation  resonance  frequency  for  an  in-plane 
laser  usually  exceeds  a  few  gigahertz  [8].  The  known  exception 
is  the  intersubband  quantum  cascade  laser,  where  the  relaxation 
resonance  is  suppressed  [9].  The  fact  that  results  presented  here 
demonstrate  wavelength  modulation  at  frequencies  well  below 
the  relaxation  resonance  (i.e.,  10  MHz)  indicates  that  the  ICL’s 
tuning  is  indeed  due  to  a  Stark  shift  associated  with  the  charge 
accumulated  outside  the  optical  active  region. 


In  conclusion,  we  have  demonstrated  Stark  modulation  of 
the  ICL  wavelength  at  frequencies  exceeding  1  GHz.  This  is  at 
least  two  orders  of  magnitude  greater  than  that  achieved  with 
the  temperature  tuning  techniques.  Moreover,  estimates  suggest 
that  improved  packaging  could  increase  the  maximum  modula¬ 
tion  frequency  of  the  tunable  ICLs  to  ~6  GHz. 
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